Intraspecific variation in mating signals and preferences can be a potential source of incipient speciation. Variable crossability between Drosophila melanogaster and D. simulans among different strains suggested the abundance of such variations. A particular focus on one combination of D. melanogaster strains, TW1(G23) and Mel6(G59), that showed different crossabilities to D. simulans, revealed that the mating between females from the former and males from the latter occurs at low frequency. The cuticular hydrocarbon transfer experiment indicated that cuticular hydrocarbons of TW1 females have an inhibitory effect on courtship by Mel6 males. A candidate component, a C25 diene, was inferred from the gas chromatography analyses. The intensity of male refusal of TW1 females was variable among different strains of D. melanogaster, which suggested the presence of variation in sensitivity to different chemicals on the cuticle. Such variation could be a potential factor for the establishment of premating isolation under some conditions.
Introduction
Drosophila exhibits complex mating behavior with frequent wing vibration and copulation attempts by males. The successful mating is achieved by communications between males and females using chemical, acoustic, and visual signals (reviewed in [1] ). Subtle differences in these signals may accumulate during or after the formation of reproductive isolation. Once reproduction isolation is established to a certain extent, the correct mate recognition is essential to avoid costly hybridization and wasting time on unsuccessful courtship. Indeed, a certain degree of premating isolation or mating incompatibility is commonly observed between closely related species of Drosophila [2, 3] .
In some cosmopolitan species of Drosophila, for example, D. ananassae [4] and D. elegans [5, 6] , widely observed mating incompatibilities between populations from different locations exist. The degree of incompatibility is variable among sampled strains in these species. Another cosmopolitan species, D. melanogaster, also harbors incompatible combinations of populations [7] [8] [9] [10] [11] . The degree of incompatibility between populations is also variable, and many intermediate strains are typically observed. These within species incompatibilities suggest that there are many intraspecific variations in mating signals and preferences. Those variations could either fix in isolated populations or become targets of sexual selection under some conditions and consequently result in divergent mating-associated characters 2 International Journal of Evolutionary Biology among different populations. It is important to understand the precise features of such variations in signals and perceptions that could potentially lead to an incipient speciation.
Cuticular hydrocarbons are known to play an important role as a contact pheromone in Drosophila mate recognition (reviewed in [12, 13] ). They are used to recognize conspecific mate [14] [15] [16] , as well as to distinguish sex [17] [18] [19] and to evaluate the mating history of the females by males [20] [21] [22] . In D. melanogaster, many studies have shown that some female specific long chain hydrocarbons, especially C27 dienes, are attractive substances for males, and some of the male components, cis-vaccenyl acetate (cVA) and 7-tricosene (7:C23), are shown to reduce the female attractiveness [12, 13] . Furthermore, "pheromone-free females" were courted by males more rigorously than wild-type females [16, 23] , which highlights the importance of both attractive and inhibitory components for the courtship induction [24] .
The quantity of each cuticular hyrdrocarbon component varies among closely related species of D. melanogaster [25] and even within this species [26] . Also, the profile could be modified by different food conditions as shown in cactophilic D. mojavensis [27] . Therefore, making correct decisions based on variable contents of cuticular hydrocarbons may not be a trivial task. Thus, the differential sensitivity to different hydrocarbon components may evolve relatively fast and could be a source of variations for differential mate choice.
In this study, we analyze within-species variations in mate preference using D. melanogaster, whose mating-associated characters and their genetic bases are extensively studied. We particularly focus on one combination of conspecific strains that show low mating frequency, and investigate the role of cuticular hydrocarbon on this intraspecific mating incompatibility. Also, by comparing gas chromatograms of different strains, we attempt to identify candidate components in female cuticular hydrocarbon that have an inhibitory effect on mating.
Materials and Methods

Drosophila Strains.
Five D. melanogaster inbred strains, 4 D. simulans inbred strains, and 3 D. simulans isofemale lines were used in this study. Mel6(G59), TW1(G23), KY02001(G20), BZ1(G23), and VAV1(G15) are wild-derived D. melanogaster inbred strains originated from Benin (West Africa), Taiwan, Japan, Brazil, and Tonga, respectively [30] [31] [32] . W86(G15), sim CH1(G65), sim 5(G69), and SEY4(G51) are wild-derived D. simulans inbred strains originated from Madagascar, USA., Congo, and Seycheleis Islands, respectively. Numbers in the parentheses indicate numbers of generations sibmated in the laboratory. S2 is a D. simulans isofemale line from Japan, which has been reported to be highly crossable to D. melanogaster [33] . Mel7 and Mel8 are D. simulans isofemale lines originated from Benin (West Africa). Flies were fed with regular sugar-yeast food and cultured at [23] [24] [25] • C under a natural laboratory light condition. 
No-Choice
No-Choice Design for Intraspecific Mating Experiment.
Intraspecific no-choice mating experiment was conducted by placing one type of females and another type of males into a test vial. Unmated females and males were collected after lightly anesthetized with CO 2 and were used 4 days after eclosion. Ten females and 10 males were placed in a test vial (2.7 cm diameter × 10 cm height) filled with ∼2.5 cm food at the bottom and capped with a sponge plug. The number of copulated pairs was counted by aspirating them out of the vial during the 1-hour test period. Six replicate test vials were scored for each experiment. All the mating tests were done in the morning hours in a room temperature (∼23
• C) under a natural laboratory light condition.
Cuticular Hydrocarbon Transfer
Experiment. Cuticular hydrocarbon transfer experiment was done by rub-off method as in Coyne et al. [14] . Cuticular hydrocarbon was transferred from TW1 to Mel6 by crowding 100 TW1 virgin females and 10 Mel6 virgin females in a limited space (2.7 cm diameter × 1 cm height) of a food vial for 4 days. Then the flies were lightly anesthetized with CO 2 to select out Mel6 females. The thoracic trident pigmentation intensity was used to identify Mel6 females. The efficient transfer of cuticular hydrocarbon by this method was confirmed by gas chromatography (GC, data not shown). The control sets of females were obtained by crowding 110 Mel6 virgin females in the same limited space for the same period of time. Those females were used within 30 minutes after separated from the crowd.
Cuticular Hydrocarbon Analyses.
Cuticular hydrocarbons were extracted from 4-day-old virgin females by n-hexane and analyzed by gas chromatography (GC). Cuticular hydrocarbons were extracted by washing 5 individuals in a glass culture tube with 500 µL n-hexane for 5 min at room temperature. Then, n-hexane solution was transferred to a glass spits tube and stored in −20 • C after the solvent was fully evaporated. Immediately before GC analyses, 100 µL nhexane was added to the tube, and 2 µL of the resultant solution (equivalent to extract from ∼0.1 individual) was used for the analyses. GC analyses were performed with a Shimazu GC-14A equipped with a DB-1 apolar column (length, 30 m; diameter, 0.25 mm; film thickness, 0.25 µm; Agilent Technology Inc.) and flame ionization detector. Helium was used as the carrier gas. Injection was made in splitless mode for 1 minute at 300
• C with a detector temperature of 300 • C. The oven was programmed to hold at 80
• C for 1 minute, and increased at 10
• C/minute to 320 • C, and held for 5 minutes.
Results
Premating isolation among D. melanogaster sibling species is not complete. For example, a certain level of mating occurs between D. melanogaster and D. simulans in the laboratory. If there are slight intraspecific differences in visual, acoustic, or chemical signals during the mating and differences in perception and response to those signals, they would show up as differential mating frequencies to a closely related species. In order to unveil these differences, we surveyed mating frequencies between different strains of D. melanogaster and D. simulans. The experiments were done by interspecific no-choice design, which involves placing 10 females and 10 males from different species into a test vial. The mating frequencies were assessed by scoring the number of inseminated females after 24 hours. For each cross, 2 vials were tested each day for 2 days, which gave 4 replicate data in total. Mating frequencies within 24 hours between the 2 species were not very high, but varied among strains (Figure 1 ).
Among those interspecific crosses, most notable differences were found between TW1 and Mel6. TW1 females readily mated with males from most of the D. simulans strains tested (Figure 1(a) ), whereas females from Mel6 as well as those from VAV1 rarely mated with males from D. simulans strains. TW1 males also mated frequently with females from many of the D. simulans strains tested (Figure 1(b) ), but Mel6 males seldom mated with D. simulans females. The mating patterns in most of other strains fell in between those two strains (Figures 1(a) and 1(b) ). By the same experimental setting with 10 females and 10 males in each of the two test vials, 18 (90%) out of 20 Mel6 females mated with Mel6 males and 16 (84%) out of 19 TW1 females mated with TW1 males within 2 hours. The results indicated that individuals from Mel6 strain mated readily with individuals from their own strain but seemed to avoid mating with D. simulans.
Taken together, these results indicated that TW1 and Mel6 indeed have differential mating signals or responses to those signals or both. We also noticed during the experiments that Mel6 males rarely exhibited courtship behavior to D. simulans females when placed together in a same vial. This observation suggested that the male mate preference could be different between TW1 and Mel6.
Since frequencies of successful mating with D. simulans differed between TW1 and Mel6, we suspected that the difference in mate preference may affect the mating between the two strains. In order to investigate whether the mating occurs randomly between the two strains, we first conducted mate choice experiment by double-choice design, which involves placing females and males from both strains Number of mated pairs
Combination of mating (no-choice design) together in a test vial (Figure 2(a) ). As we suspected, the mating pattern deviated from random choice (Figure 2(b) , Cochran-Mantel-Haenszel exact test (P < 10 −4 ), and indicated that the mating between TW1 female and Mel6 male occurred at a very low frequency.
Together with the observation that Mel6 males rarely courted D. simulans females, we decided to focus our attention to mate preference by Mel6 male. First, the nochoice design was adopted, where only one type of females and one type of males were placed together in a mating vial International Journal of Evolutionary Biology Each peak corresponds to hydrocarbon compound whose identity could be inferred from the previous studies [28, 29] . The peaks indicating qualitative differences (presence/absence or extreme high/low) between the two strains are marked by numbers. The inferred components for the peaks: peak #1: 7:C23; #2: C23; #3: 7,11:C25; #4: 5:C25; #5: 7,11:C27; #6: 5,9:C27 (+2-methylhexacosane).
( Figure 2(a) ). The result showed that even by the no-choice experiment, the number of matings occurred within 1 hour between TW1 females and Mel6 males remained to be very small compared to that between Mel6 females and males (Figure 2(c) ). The low frequency mating between TW1 and Mel6 could be due to either male refusal or female rejection. In order to ask if there is Mel6 male refusal of TW1 female, we conducted the no-choice experiment by Mel6 female perfumed with cuticular hydrocarbons of TW1 female. Cuticular hydrocarbons can be transferred to other females by crowding the flies with the donor flies [14] . In order to see if cuticular hydrocarbons of TW1 have an inhibitory effect on mating, they were transferred to Mel6 females before conducting no-choice experiment. The experiment showed that Mel6 females coated with cuticular hydrocarbons from TW1 females mated less frequently with Mel6 males compared to the control Mel6 females (Figure 2(d) ). This indicated that cuticular hydrocarbons of TW1 females have an inhibitory effect on Mel6 male mating behavior.
We then compared the profiles of cuticular hydrocarbon components between the two strains by GC (Figure 3) . The identities of the corresponding cuticular hydrocarbon components of the peaks were inferred from the previous studies [28, 29] . The peaks, which showed qualitative differences (presence/absence or extreme high/low) between the two strains, were marked by numbers in Figure 3 . Their relative quantities (% area of the peaks) are shown in Table 1 .
Inseparable peaks and peaks with less than 2% of the whole peak area were not included in the comparison.
Mel6 females had a relatively simple content of cuticular hydrocarbons with almost no trace of peaks in the C23 group (around peaks #1 and #2), whereas the overall complexity of the TW1 female profile was similar to the typical wild type strains of D. melanogaster [12, 25] . The cuticular hydrocarbon profile of Mel6 females resembled that of Tai Y strain originated also from West Africa (Ivory Coast) with only traces of C23 hydrocarbons [12, 25] .
The peaks #5 and #6 were inferred to be 7,11:C27 and 5,9:C27, respectively. However, 5,9:C27 peak is likely to be confounded with comigrating 2-methyl-hexacosane [24, 34] . The polymorphism in the ratio of these two C27 dienes has been well documented in the worldwide samples of D. melanogaster [24, 34, 35] . Although there is an association of desat2 genotype, which is responsible for the polymorphism, with a sexual isolation between Zimbabwe and cosmopolitan populations of this species [36] , this polymorphism does not seem to induce assortative mating pattern in general [34] .
Next, we used two other types of females with different cuticular hydrocarbon profiles to test how mate preference of Mel6 males changes (Figure 4 ). Mel6 males did not discrim inate between Mel6 and BZ1 females, which showed similar cuticular hydrocarbon profiles to TW1 females in peaks #1-6 except a smaller peak in peak #3 (Figures 4(a) and 4(c), Table 1 ). We also tested F1 females from Mel6 × TW1 cross, which also showed a smaller peak in peak #3 compared to that of TW1 female, and intermediate height peaks of #5 and #6 (Figures 4(b) and 4(d), Table 1 ). Mel6 males clearly favored these F1 females over TW1 females (Figure 4(b) ), which gave a mating pattern similar to Figure 2(b) . Previously known polymorphism in the ratio of 7,11:C27 (peak #5) and 5,9:C27 (peak #6) does not seem to affect the mate preference of Mel6 males. Taken together, these comparisons are consistent with the notion that the component in the TW1 female cuticular hydrocarbon, which has an inhibitory effect on mating with Mel6 males, is in the peak #3. The component of this peak is likely to be a C25 diene and is inferred to be 7,11:C25 from the previous literatures [28, 29] .
In order to ask how general is this mate discrimination of Mel6 males against TW1 females, we tested 2 other strains originated from the same collection point of Mel6 in West Africa (Mel7 and Mel8) and strains from Brazil (BZ1) and Tonga (VAV1) to investigate whether their males show nonrandom mate choice between Mel6 and TW1 females. In order to avoid the effect of other preference factors, the male Mel6 was substituted by the test strain male in the double-choice experiment identical to Figures 2(a) and 2(b) . The results in Figure 5 indicated that males from two other strains originated from the same collection site as Mel6 in West Africa mated more with Mel6 females than with TW1 females (Figures 5(a) and 5(b) ) giving the similar pattern as in Figure 2 (b), whereas strains from Brazil (BZ1) and Tonga (VAV1) did not show a clear refusal of mating with TW1 females (Figures 5(c) and 5(d) ). These patterns suggest that Mel6-type mate discrimination is endemic to individuals from its collection site in West Africa. International Journal of Evolutionary Biology 
Discussion
In order to analyze within species variations in mate preference, we first performed a survey of mating frequency between different strains of D. melanogaster and its sibling species, D. simulans. Crossability between these two species has been reported to be asymmetric; D. melanogaster females mate relatively easily with D. simulans males, but the reciprocal cross is more difficult [37, 38] . Our results did not follow this pattern (Figure 1 ). Not many D. melanogaster females mated with D. simulans males except those of TW1 (Figure 1(a) ). In the reciprocal cross, in addition to S2 that has been documented as a highly crossable strain to D. melanogaster males [33] , there was another strain W86 from Madagascar that mated well with D. simulans males (Figure 1(b) ). Our results suggest that the asymmetry in crossability may depend highly on the strains tested. What was more notable in our survey was that the crossability between the two sibling species was highly variable among strains (Figure 1 ), which indicated that the signals presented by either or both sexes and the perception and response to those signals are not completely fixed within each species. These intraspecific variations may have become more apparent in our survey using inbred strains (except S2), because some of the recessive alleles that affect those traits may have become homozygous during the inbreeding process. This inbreeding effect may have affected the asymmetry in interspecific crossability to some extent as well.
Because of the differential mating frequencies of TW1 and Mel6 against D. simulans strains (Figure 1) , we predicted that their differences in courtship signals and perceptions may cause partial incompatibility between these strains. As predicted, low mating frequency between TW1 females and Mel6 males was observed (Figures 2(b) and 2(c) ). Mel6 males were choosy in both interspecific and intraspecific crosses. The factors responsible for the low mating frequency between TW1 females and Mel6 males turned out to be a difference in cuticular hydrocarbon component and its perception. Since C25 dienes are not reported in the cuticular hydrocarbons of D. simulans females [12] , different factors may be responsible for the interspecific mating frequency differences between these two strains. It is certainly of our interest to identify the factors involved in differential mate preferences against interspecific individuals.
There are several cases of partial incompatibility in mating between strains or populations of D. melanogaster. One is between populations from Zimbabwe (Z) and cosmopolitan (M) areas, in which case there is a strong behavior incompatibility between Z females and M males [7] . TW1 female-Mel6 male incompatibility is not part of this Z-M system, because the compatibility in the former is between a non-African female and an African male, which is opposite of the latter. Similarly, US and Caribbean populations exhibit partial incompatibility [10, 11] and there are also cases reported in Brazzaville, Congo [8] and at the "Evolution Canyon" in Israel [9] where two closely located populations show certain amount of premating isolation. To determine whether our observation of mating incompatibility between TW1 and Mel6 is another case of interpopulational sexual isolation or not, we should await a larger survey of strains, especially since we currently have found only one TW1 type strain. However, our study demonstrates that a single cue, a particular cuticular hydrocarbon blend, could produce differential responses of males from different strains within D. melanogaster.
The cuticular hydrocarbon transfer experiment showed that it is not the female rejection, but the male refusal of females, which brings about the reduced mating frequency between TW1 females and Mel6 males (Figure 2(d) ). It is generally thought that females drive sexual isolation in Drosophila, because males are observed to court females largely indiscriminately while females seem to be able to effectively reject unpreferable males. However, our experiment clearly indicated that, in some cases, males actually do choose females according to the cuticular hydrocarbon profiles of females. This is not surprising since it is known that the female cuticular hydrocarbons contain components that exhibit both stimulatory and inhibitory effect on mating [16, 23, 24] . A known inhibitory sex pheromone for D. melanogaster males, 7-tricosene, is predominant in male cuticular hydrocarbon and perceived as a bitter stimulus for the males [19] . This molecule is at a normal quantity in TW1 females (peak #1, Table 1 ). Our interpretation that cuticular hydrocarbons of TW1 contain inhibitory factors instead of lacking stimulatory components comes from the fact that the only detectable peaks that had higher quantity in Mel6 were peaks #4 and #6 ( Figure 3 ) and that both peaks were not present in BZ1 females that mated well with Mel6 males (Figure 4(a) , Table 1 ). However, a subtle balance between the quantities of excitatory and inhibitory components may be critical for the decision making by males. Future assays using purified hydrocarbons should elucidate the combined effects of different components.
International Journal of Evolutionary Biology Under the assumption that cuticular hydrocarbon blend from TW1 female has inhibitory effect on mating in Mel6 males, we identified a candidate cuticular hydrocarbon component, a C25 diene, that has a deterrent effect on Mel6 males. The component is inferred to be 7,11:C25 from the previous literature [28, 29] . A large increase in 7,11:C25 (+13.2% of the total hydrocarbon amount) was reported as a consequence of an RNAi knockdown of an elongase gene, eloF, in D. melanogaster female [39] . Interestingly, those females showed decreased attractivity to Canton-S males. This observation is consistent with our conclusion that 7,11:C25 may serve as an inhibitory effect on the mate recognition of males. We should note that eloF knockdown females also showed marked decrease in 7,11:C29, which was not apparent in TW1 females (Figure 3) .
Males from 3 strains originated from Benin (West Africa), Mel6, Mel7, and Mel8, did not readily mate with TW1 females, whereas 2 other strains from outside Africa showed no such discrimination (Figures 2 and 5) . The cuticular hydrocarbon profiles of Mel6 (Figure 3) , and another isofemale line from West Africa, Tai Y, were similar with only traces of C23 hydrocarbons [12, 25] . Females of Mel7 showed a similar profile to that of Mel6 as well (data not shown). These observations suggest that D. melanogaster in regions of West Africa may have different sensitivity or response to chemicals on the female cuticles. There are some identified olfactory and gustatory receptors mediating male courtship behavior in response to sex pheromones [40] [41] [42] [43] [44] . The differential expression of these receptors among males from different strains could be a cause of the differential mate choice.
Courtship behavior is affected by conditioning prior to courtship; unsuccessful courtship reduces subsequent courtship in males [45, 46] . It has been shown that flies can have memory of at least one cuticular hydrocarbon component, cis-vaccenyl acetate, during the conditioning [47] . In our experiments, males were kept in groups prior to the mating experiments, which may have affected the memories of unsuccessful male-male courtship. However, an elevated level of the C25 diene was not observed in Mel6 nor TW1 males (data not shown), which suggests that there was no differential learning associated with the candidate inhibitory factor.
Our study was the first case to suggest that a C25 diene produced by a wild-derived strain has an inhibitory effect on mating behavior of males and to show that the sensitivity to this chemical varies among strains. Such modification in sensitivity could become a potential isolation factor during incipient speciation. Further investigation of the precise mechanisms and genetics underlying these intraspecific variations may help entangle the evolution of complex intersexual communication and mating behavior in flies.
